Abstract. With the Surface Detector array (SD) of the Pierre Auger Observatory we can detect neutrinos with energy between 10 17 eV and 10 20 eV from point-like sources across the sky, from close to the Southern Celestial Pole up to 60 • in declination, with peak sensitivities at declinations around ∼ −53 • and ∼ +55 • , and an unmatched sensitivity for arrival directions in the Northern hemisphere. A search has been performed for highly-inclined air showers induced by neutrinos of all flavours with no candidate events found in data taken between 1 Jan 2004 and 31 Aug 2018. Upper limits on the neutrino flux from point-like steady sources have been derived as a function of source declination. An unrivaled sensitivity is achieved in searches for transient sources with emission lasting over an hour or less, if they occur within the field of view corresponding to the zenith angle range between 60 • and 95 • where the SD of the Pierre Auger Observatory is most sensitive to neutrinos.
Introduction
There are inherent difficulties in establishing the acceleration mechanisms and the sources of Ultra-High-Energy Cosmic Rays (UHECRs). This is in great part due to the bending of the paths of the charged particles in the intervening magnetic fields, because neither the particle charge, determined by the primary composition, nor the amplitude and direction of the magnetic fields are known. Recent results on anisotropies in the arrival directions of UHECRs [1] [2] [3] , provide valuable but still limited information. Efforts to combine the spectral shape and the primary composition [4] and to search for diffuse fluxes of Ultra-High-Energy (UHE) photons [5] and neutrinos [6] [7] [8] have proven useful in constraining production models, but the results are not yet conclusive. Astrophysical neutrinos in the UHE band, exceeding ∼ 1 EeV (10 18 eV), are naturally expected in association with UHECRs. UHE neutrinos must be produced as a result of collisions of UHECRs with matter and radiation within the sources that accelerate them [9] , during transport to earth [10, 11] , or both. Not surprisingly, measuring the neutrino flux is one of the highest priorities because of the directional information they carry. The measurement of the diffuse flux of astrophysical neutrinos in the 10 14 eV to 10 15 eV range [12] was a great milestone in astroparticle physics. However, no clear identification of the sources has yet been obtained from the arrival directions of the neutrinos alone.
The birth of gravitational wave (GW) astronomy [13, 14] has given an impressive boost to multimessenger astronomy particularly with the recent detection of the merger of two neutron stars [15] . This landmark detection has triggered observations in practically all bands of the electromagnetic spectrum, including setting stringent limits on the high-energy neutrino flux with current neutrino telescopes that constrain several models of neutrino production in these objects [16] . Also, a correlation between a ∼ 300 TeV neutrino and a powerful blazar, TXS 0506+056, from the same position in the sky has recently been reported [17] . The blazar was also observed in an active state with gamma-ray emission between 50 GeV and a few hundred GeV detected at the time of the neutrino observation [18] . Moreover, a search for neutrinos from this direction revealed a burst of 13 neutrinos detected with IceCube during a period of 156 days between December 2014 and February 2015 [19] . While this correlation suggests blazars as a potential site for PeV neutrino production, the picture is far from complete, and it is also possible that there are contributions from other sources [20] . Naturally, there is much interest in detecting neutrinos at energies beyond those already detected by IceCube, all the way to the UHE regime, to help unveil the origin of the detected PeV neutrinos, of the UHECRs and the possible connections between them [21] .
The Pierre Auger Observatory, an array of particle detectors [22, 23] and several fluorescence telescopes [23, 24] located in Malargüe, Argentina, is the largest and most precise detector for air showers induced by UHE particles. The Observatory has been running since 2004, well before it reached its final design size of 3000 km 2 in 2008. Its design also considered the search for UHE neutrinos by looking for inclined showers that develop deep in the atmosphere [25] , and it was later shown that it is particularly effective for Earth-Skimming (ES) tau neutrinos. These ES neutrinos convert below the surface to tau leptons that exit to the atmosphere and decay, inducing an air shower [26] . Methods have been devised to identify the showers produced by neutrinos in the background of cosmic-ray showers. The data have been scanned for fluxes of UHE neutrinos and no candidates have been found [8] . These searches have led to limits on both the diffuse flux [7, 27] and point source fluxes [27, 28] of UHE neutrinos.
In this paper, we describe the directional sensitivity and sky coverage of the Surface Detector Array of the Pierre Auger Observatory to UHE neutrinos. We give upper limits to the neutrino flux as a function of equatorial declination after the analysis of data between 1 Jan 2004 and 31 August 2018, updating the previous published limits that were obtained with a reduced data set between 1 Jan 2004 and 31 May 2010 [28] .
The neutrino search at the Pierre Auger Observatory
The Pierre Auger Observatory combines an array of 1660 particle detectors spread over an area of ∼ 3000 km 2 in a hexagonal pattern, the Surface Detector Array (SD), each separated 1.5 km from its six nearest neighbours, and 27 telescopes, the Fluorescence Detector (FD), that view most of the atmosphere over the SD [23] . The particle detectors, each filled with 12 tons of purified water, register the Cherenkov light emitted when charged particles from the shower front go through, while the FD telescopes capture the fluorescence light emitted by the nitrogen of the atmosphere when excited by the passage of the shower front. The signals in the particle detector stations are digitized in 25 ns bins and temporarily stored when they satisfy the second level trigger (T2): either a threshold for the peak of the signal or a smaller threshold in at least 13 bins, the "Time-over-Threshold" (ToT) trigger. The resulting signal traces of at least three T2-stations correlated in space and time are stored as long as the event passes a third level trigger (T3), designed to accept showers and reject accidental coincidences. Cosmic-ray showers are detected with increasing efficiency as the shower energy rises [29] , reaching practically 100 % above 4 EeV for zenith angles as high as θ = 80 • [30] . More details can be found in [29] .
The identification of showers induced by neutrinos is easily achieved by looking for inclined showers that develop close to the ground. Cosmic-ray particles arriving at a large inclination with respect to the vertical interact in the upper parts of the atmosphere and must traverse much larger depths than vertical showers to reach the ground. When the shower front reaches the ground level, the shower has developed well beyond its maximum number of particles and the electromagnetic component has been practically absorbed. The front contains mostly 20-200 GeV muons that have hardly undergone any interaction, except for continuous energy loss and deviations in the magnetic field of the earth. These muons accumulate smaller delays than electrons and photons with respect to an imaginary particle moving along the shower axis at the speed of light [31] , and leave characteristic faster and shorter pulses in the signal traces recorded by the SD stations.
The basic strategy to search for UHE neutrinos in the Pierre Auger Observatory consists of selecting inclined showers and ensuring that they have a large electromagnetic component at ground level compared to the cosmic-ray background. Naturally this depends on the zenith angle and for this reason the selection has been split into two channels: Earth-Skimming (ES) neutrinos that for this observatory have been shown to concentrate in a narrow range of zenith angles between θ = 90 • and θ = 95 • at EeV energies [32, 33] , and downward-going (DG) with zenith angles between θ = 60 • and θ = 90 • . The conversion mechanisms of a neutrino into an air shower are different for DG and ES, and the requirements made on the signals to efficiently separate neutrinos from background events also call for different strategies. For optimization purposes, the DG procedure is further subdivided in two sets for Low zenith angles (DGL) [7, 34] , between θ = 60 • and θ = 75 • , and High zenith angles (DGH) [7, 35] , between θ = 75 • and θ = 90 • .
The selection in each of these categories is done using a different set of parameters adapted to the different zenith angle ranges of each channel. An important difference is that the search is performed in all triggered events for ES showers while only events with four or more triggered stations are considered for the DG events to reduce the background. The angular selection of ES is based on a high eccentricity of the elongated signal patterns on the ground, on the average of the speed along the major axis of the ellipse with which the signal appears to move on the ground between pairs of stations, which must be the speed of light c with a small tolerance (∼ 4%), and on its RMS value (< 0.26c) [7, 33] . For DGH events, the angular selection is made requiring also a high eccentricity of the signal pattern, an average apparent speed close to c (with a similar tolerance) and a small RMS value (< 0.08c). The reconstructed zenith angle of the shower, assuming a plane shower front, is required to be greater than 75 • . Finally, for DGL events the selection is based on reconstructed zenith angles between 58.5 • and 76.5 • to allow for reconstruction uncertainties, and a requirement that at least 75% of the stations have a ToT trigger to select signals spread in time (see [7, 8] for further details). The arrival direction reconstruction has not been optimized for neutrino events and it is just used for down-going events as one of the multiple strategies to select inclined showers. Its effectiveness when combined with all the other selection criteria has been studied using simulations of neutrino-induced showers.
In each channel the selection of the neutrino-induced showers is performed making a cut on a single parameter which is related to the width of the signal traces of the triggered detectors. The choice of parameter and the cut have been optimized by comparing extensive simulations of neutrino events to a small fraction of the data, assumed to be cosmic-ray background. The cut is chosen at a value of the parameter such that only one event in each selection could be expected after a number of years of observation from the extrapolation of the background distribution (see [8] for details). The parameter is different for each case [7, 8] . In the ES channel, the average Area over Peak ( AoP ), defined as the average over stations of the ratio of integrated charge of the trace and its maximum value, has proved a good choice. The AoP of an individual station is normalized to one for single muons used for SD station calibration [23] . A cut at AoP = 1.83 selects neutrinos very efficiently (about 95% of those that trigger the SD). For the DG cases, a multivariate Fisher discriminant method has been used combining the AoP of selected stations. The DGH case combines nine variables obtained from the AoP of the four earliest stations and a tenth measuring the asymmetry in AoP between the earliest and latest stations. The values of the cuts are optimized separately for three sub-sets within the DGH channel depending on the number of triggered stations. In the DGL case, a Fisher discriminant based on five or six parameters obtained from the 4 or 5 stations closest to the shower core is constructed. Five sub-groups have been made in this channel subdividing the zenith angle in five bands, and the cut on the Fisher discriminant is calculated separately in each of them. More details can be found in [7, 8] .
3 Sensitivity of the Observatory to point-like neutrino sources Each neutrino search category, ES, DGH and DGL, corresponds to a given range of zenith angles, and the three categories combined cover the range between θ = 60 • and θ = 95 • . Naturally, the neutrino identification efficiency is different in each category, making the sensitivity of the Observatory dependent on the direction in the sky where the search is performed.
Effective Area
The sensitivity in each direction can be quantified in terms of the effective area A i (E ν ), to neutrinos of flavor i = ν e , ν µ , ν τ and energy E ν , defined such that A i multiplied by the spectral flux of flavor i from a point source,
, gives the energy spectrum of the instantaneous rate of detected events. The rate of detected events is obtained by integrating it over energy:
Each neutrino flavor must be treated separately because the showers they initiate through charged-current (CC) interactions are substantially different in the fraction of energy that they carry relative to the incident neutrino [34, 35] . For DG showers, the effective area is obtained by integrating the neutrino identification efficiency, ε i,c , and the interaction probability per unit depth 1 σ c m −1 p , where m p is the mass of a proton, and σ c the neutrino-nucleon cross-section, over the array area A, (transverse to the neutrino direction) and over the atmospheric matter depth of the neutrino trajectory X:
Both ε i,c , and σ c are different for neutral-(NC) and charged-current (CC) interactions (index c), but at the energies of interest the change in the cross sections for different flavors is negligible. The efficiency is calculated using simulations of extensive air showers. It includes an average over possible momentum fractions transferred to the nucleus in the collision and it depends strongly on both energy and zenith angle of the neutrino. As a function of neutrino interaction depth X, the efficiency is maximized when X is such that the shower maximum is approximately reached at ground level. In addition, it also depends on the impact point of the shower at ground and on the instantaneous configuration of the SD (which changed substantially until deployment was completed in May 2008). There are thus instantaneous effective areas A DG i,c for DG showers for each flavor i and interaction type c. Naturally, the effective areas also depend strongly on neutrino energy and on zenith angle (see Figs. 1 For the ES case, the calculation of the effective area is much more involved. The differential probability that a tau neutrino of energy E ν undergoes a CC interaction along the earth's chord, and that the resulting tau lepton exits to the atmosphere with energy E τ , denoted as p exit (E ν , E τ , θ), is given by a similar integral of the interaction probability per unit depth along the neutrino trajectory. p exit is obtained with a dedicated MC simulation that also takes into account neutrino absorption along the earth's chord, regeneration of the neutrino flux both through NC interactions and tau decays underground, energy loss of the tau lepton while it travels through the earth and the survival probability to reach the earth's surface [37, 38] . The rapid rise of the earth's chord as the zenith angle increases below the horizon and its absorptive effect for high-energy neutrinos are responsible for a strong dependence of p exit on θ within a small range from θ = 90 • to θ 95 • . This probability, folded with the selection and identification efficiency ε ES and the tau decay probability per unit length, must be integrated over tau energy and decay length l to obtain the effective area: where λ = cβ τ τ τ 86.93 × 10 −6 m is the decay length, β τ and γ τ = E τ /(m τ c 2 ) are the speed and Lorentz factor of the tau lepton, m τ 1.777 GeV is its mass, and the tau-lepton is assumed to be ultra-relativistic.
The instantaneous effective area for the ES, DGH and DGL neutrinos as a function of neutrino energy is displayed in Fig. 1 for selected zenith angles and is compared to that of IceCube [36] . The EeV energy range in which the Pierre Auger Observatory has optimal effective area extends in energy beyond the published effective area of IceCube and, for favourable source positions as seen from the SD, the effective area of the Pierre Auger Observatory is significantly larger.
The dependence of the effective area on zenith angle is displayed in Fig. 2 , for DG charged-current electron neutrinos and selected neutrino energies in the zenith angle range from θ = 60 • to θ = 90 • , and for ES events from θ = 90 • to θ = 95 • . A strong dependence on θ can be clearly seen in the ES range and at θ = 90 • , the transition from DG to ES. At 10 18 eV the ES effective area at θ = 91 • is nearly two orders of magnitude higher than for DG electron neutrinos with CC interactions at θ ∼ 80 • . The latter is the channel giving the largest contribution to the DG calculation because the probability of CC interactions is ∼ 2.5 times greater than neutral currents, and moreover, in the case of the electron flavor, all the neutrino energy gets transferred to the induced shower. The ES search is notably more sensitive than the DG searches due to several reasons. The matter depth for neutrino interactions along the earth's chord is much larger than the available depth of the atmosphere for DG showers and, at zenith angles very close to the horizontal, the conversion probability is maximized for energies just below the EeV [32, 37, 38] . In addition, the ES search considers events with at least three stations what makes this channel more efficient to detect lowerenergy showers than in DG.
Sky Coverage
As
where T is the duration of one sidereal day and the angle in brackets is the so-called hourangle. At any given instant the field of view (FoV) of the Observatory for neutrino search is limited by the imposed restrictions on θ. In fact, the three searches ES, DGH and DGL correspond to different fields of view. This can be seen in Fig. 3 , where the corresponding FoV bands are plotted in equatorial coordinates as a function of α − t GS , where t GS = 2π t/T + is the Greenwich Sidereal Time (GST) converted to angle and is the mean longitude of the Observatory. For any given α the instantaneous declination range for neutrino search at 00:00 GST (t GS = 0) can be directly read from the plot at a value α of the abscissa. At any other t GS the corresponding declination range is simply read from Fig. 3 at α − t GS . As can be seen in 
Exposure
In the case of a steady flux, the exposure E to a point-like source of UHE neutrinos multiplied by the spectral flux gives the expected energy distribution of the detected events. The exposure depends on neutrino energy and on the declination δ of the source and is obtained integrating the effective area A over a given time interval:
For a given source position δ, the effective area A is dependent on θ (Fig. 2 ) which in turn changes with time as given by Eq. (3.4). There are also explicit variations of the effective area with time due to the increasing size of the Pierre Auger particle detector array between 2004 and 2008 as the SD stations were being deployed, and due to the exact instantaneous configuration of the array which also varies with time. These latter changes have been relatively small since 2008, the fraction of working stations being typically above 95%, as obtained from their continuous monitoring [23] . The few periods in which the array has been unstable, mostly due to problems with the communications, are removed from the searches. The time evolution of the effective area (averaged over intervals of three days) is displayed in When point sources are considered for a neutrino search, the time integral for the exposure in Eq. (3.5) is done with simulations, sampling the array configuration at regular time intervals which are adjusted depending on the total observation period. If the duration of the search interval is of order a day or shorter, the start-time of the search interval and its duration take particular relevance for the value of the exposure, due to the changes in effective area with zenith angle, and due to a limited fraction of the sidereal day during which a source at a given declination δ is within each of the zenith angle ranges for ES, DGH and DGL neutrino searches. Figure 5 displays the duration of the time interval over which a source is in each of the zenith angle ranges during a sidereal day, obtained with Eq. (3.4) . Near the edges of the field of view of the ES, DGH or DGL channels, there are preferred declination values because the sources are in the field of view for a maximal period of time. These appear as prominent peaks in Fig. 5 . This is a consequence of the relatively slower rate of zenith angle change at these declination values as can be seen in Fig. 3 . intervals over which the array was unstable) is shown in Fig. 6 as a function of source declination. When the search interval is much larger than a day, the dependence of the exposure on declination is well approximated by the daily average. As the effective area for ES neutrinos is larger than that for DGH and DGL ( Figs. 1 and 2 ), the overall largest exposures are obtained for declination values that are close to the peaks in observation time of the ES band alone. Two sets of curves for each selection group have been combined in Fig. 6 for 10 18 eV and 10 19.5 eV to illustrate that the relative weight of the channels depends strongly on energy. In the EeV range, the effective area for ES neutrinos is larger than that for DGH and DGL, mostly because of the much larger target matter provided by the earth. This translates into average exposure differences of about an order of magnitude for ES relative to DGL despite the transit time per day of a given source being typically shorter for ES. The exposure for DGL is further suppressed by another order of magnitude relative to DGH, mostly because of the efficiency loss for less inclined showers at lower energies. However, the situation is very different at energies of ∼ 3 × 10 19 eV, where the three searches have comparable exposures and the dominant channel depends on declination. The behaviour of the Pierre Auger Observatory in the search for point sources of neutrinos is thus dependent on the exact energy range of the flux to measure and its spectral features.
In the case of searches in short time intervals, in addition to this general behaviour of the exposures with declination and energy for each selection group, the position of the source relative to the Observatory at the start point of the search period can play a crucial role. When the source lies just below the horizon, at a zenith angle between θ ∼ 91 • and θ ∼ 93 • degrees, the effective area is maximal and the integrated exposure above 0.1 EeV exceeds by an order of magnitude that of IceCube [16] .
Limits for steady sources of UHE neutrinos
The expected number of neutrino events in an energy range [E min , E max ] from a point-like source located at a declination δ is given by 2 :
To calculate a flux bound for a point source, the spectral function and the time dependence of the neutrino flux of each flavor should be known. In the absence of reliable predictions for these behaviours, it is customary to assume that the flux is independent of time during a given time interval, that the spectral flux has the form of a generic power law φ = k PS E −α ν with α = 2, where k PS is the normalization, and that the fluxes of the three neutrino flavors are equal, as expected from vacuum flavor oscillations over scales of hundreds of Mpc [40, 41] . If the flux is independent of time, the exposure integral E(E ν , δ), can be factored out and the equation for the number of events simplifies to: Also, under the assumption made for an spectral index of α = 2, the bulk of the neutrino triggers is not driven by the upper limit of the energy integral. Most of the identified ES events are between 1.6 × 10 17 eV to 2 × 10 19 eV while the DG events are between 10 17 and 10 20 eV. There is little dependence of these energy intervals on source declination or on E max provided that it is larger than 10 20 eV.
A blind search for UHE neutrinos in the data period up to 31 Aug 2018 has yielded no candidate neutrino events in the ES, DGH, and DGL analyses [8] . Under the conservative assumption of zero background, a 90% C.L. upper limit on the neutrino flux from point-like sources is derived assuming φ = k PS · E −2 ν . The bound on k PS (δ) is the value that gives a total of 2.39 expected events according to with systematic uncertainties on the exposure calculated using the semi-Bayesian approach described in [7] . A bound on k PS (δ) can be obtained separately for the ES, DGH, and DGL channels. In each of the DG channels the contributions from different flavors having both NC and CC are combined in the equal flavor assumption. In the calculation of the limits, the dependence of the neutrino detection efficiency on the zenith angle and its change with time as the source transits in the field of view of the Pierre Auger Observatory are taken into account. As the data for this work has been taken over the course of multiple years, the exposure can be assumed uniform within ±0.6% in terms of right ascension [1] , and the limits on point-like sources depend solely on the declination.
The limits are shown in Fig. 7 as a function of declination in comparison to those obtained by IceCube [36] and ANTARES [43] . It must be stressed that the energy ranges where the three experiments are sensitive are different and in many respects complementary. [43] . Note the different energy ranges where the limits of each observatory apply.
The limits reported by ANTARES and IceCube apply to energies just below the energy range of the search for neutrinos with the Pierre Auger Observatory that starts at ∼ 10 17 eV.
Limits for the particular case of the active galaxy Centaurus A, a potential source of UHECRs, are shown in Fig. 8 , together with constraints from other experiments. CenA at a declination δ ∼ −43 • is observed ∼ 7% (∼ 29%) of one sidereal day in the range of zenith angles corresponding to ES (DG) events. The predicted fluxes for two theoretical models of UHE ν-production -in the jets [44] and close to the core of Centaurus A [45] -are also shown. We expect ∼ 0.7 events from Cen A for the flux model in [44] . However, there are significant uncertainties in this model that stem from the fact that the neutrino flux is normalized to the UHECR proton flux assumed to originate from CenA, which is uncertain.
Discussion and Conclusions
The search for point sources of neutrinos with data from the Surface Detector Array of the Pierre Auger Observatory relies on selecting showers with large zenith angles in three different angular ranges where searches with different sensitivities are performed. The sensitivity of the Observatory to transient sources of UHE neutrinos is demonstrated using the effective area A in Eqs. (3.2) and (3.3) as an indicator. There are significant differences in effective area for each angular range. The effective area in the Earth-skimming channel has been shown to have a strong dependence on zenith angle, and there is also a strong dependence Figure 8 . Upper limits at 90% C.L. on a single flavor E 2 neutrino flux from the active galaxy Centaurus A from the Pierre Auger Observatory, together with limits from IceCube [36] and ANTARES [43] . We also show the predictions of two models of UHE neutrino production in the jets [44] , and close to the core of Centaurus A [45] .
of the effective areas on neutrino energy. This translates into a strong dependence of the exposure for neutrinos on source declination.
With the Pierre Auger Observatory we can detect UHE neutrinos from a large fraction of the sky, from very close to the South Celestial Pole to declination values up to δ ∼ 60 • . For a steady source in this range, there is always a time window during a sidereal day in which the source is in the field of view of the ES, DGH or DGL channels.
No neutrino candidates have been identified in the Observatory data in the period 1 Jan 2004 to 31 Aug 2018, and the limits obtained for steady point-source fluxes represent the most stringent ones at energies around 10 18 eV. The ES channel dominates the sensitivity to point-like sources in the declination region (−54.5 • < δ < 59.5 • ). There are two spots in the sky where the sensitivity is maximal, at declinations δ ∼ −53 • and δ ∼ 55 • . The DG channels come into play for smaller declination values making the combined sensitivity cover a large region of the sky between δ ∼ −85 • and δ ∼ 60 • . The SD of the Pierre Auger Observatory has an unmatched sensitivity to potential sources of EeV neutrinos in the Northern terrestrial hemisphere. This is a region in the sky that cannot be searched for in the EeV energy range by experiments such as IceCube because of the opacity of the earth to neutrinos in those directions when seen from the South Pole.
The sensitivity of the SD of the Pierre Auger Observatory to transient sources of UHE neutrinos is calculated integrating the effective area over the relevant time interval. There is a substantial difference with respect to the search for steady sources of neutrinos. In addition to the declination dependence, the sensitivity to transient sources is crucially dependent on the efficiency of the detection during the time interval of the occurrence of the transient. Thus, depending on the inclination of the event in the local coordinate system of the Observatory, the sensitivity can exceed by far that of other dedicated neutrino detectors such as IceCube. For instance, at about 10 18 eV, the effective area of the Pierre Auger Observatory is maximal for sources slightly below the horizon, and therefore its sensitivity to transients from these directions is larger than that of IceCube by more than an order of magnitude. This is particularly interesting because the location of the GW170817 event, the only confirmed binary neutron star merger to date, was slightly below the horizon at the time around the merger as reported in [16] and seen in Fig. 3 . There are other neutrino detectors such as ANITA that actually have a much higher instantaneous effective area [46, 47] . On the other hand this detector is limited to flights of about 30 to 40 days during the summer time at Antarctica.
The Pierre Auger Observatory is in an excellent position to contribute to the new era of multimessenger astronomy, which is likely to bring new exciting discoveries, by looking for neutrinos in the EeV range in correlation with the detection of gamma rays or gravitational waves. 
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